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<§) System and method for optimum operation assignments in printed circuit board manufacture. 



© In 



In an assembly line for installing components on a printed circuit board the asstonment «f nn^Knne 
to machme with different capacities is effected by determining the p^S^ SSSSS^ each^rf 
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wKh^Z! ^n'° COpe " d i n9 a PP»«tfon claiming priority from U.S. Serial no: 07/584.748 

wHh hventors Thomas C. Davis and Eva M. Selep. entitled "High Mix Printed Circuit Assembly Technique" 
which is incorporated herein by reference. ^ • 

This invention relates generally to work allocation In an assembly line, and more specifically to operation 
assignment problems in a printed circuit (PC) board assembly process. 

Along with the advent of powerful automated manufacturing systems has come a host of complex design 
and control problems. These problems include machine grouping, part type selection, operation assignment, 
fixture allocation, and too. loading. Someof these problems have already been considered in the prior a^Tcn 

111 P m ° f nex, ' WeManufech ^9 Systems(FMS's). That problem is to allocate operations 
and required tools among gmups of machines, while meeting technological and capacity constrains of the 

T„h S?"2? e * T u U89 !' tod 3 nUmbef ° f dBTerent •«***'••. including balancing machine wortdoads 
and minimising the number of movements of jobs between machines. One prior formulation of the FMS tool 
loading problem is an assignment problem with a linear objective - that of assigning job types to machines in 
orderto minimise total variable processing cost per job. subject to machine capacity constraints 

Ofoer pnor formulations of the FMS tool loading problem consider the variable cost associated with each 
°*Tnr" n 00 kV f aSSi9nment P roWem ° f ■» P"*ent ^vention includes not only variable processing 
cost per operation, but also a one tone setup cost per job if any operations of a given job are earned out on a 

^ Lo.r''. w^" 8 S ?. P ^ St b inaUTed beCaUSe ° f ,he P articula ' technology we are considering, as des- 
cribed below. In add-on. the FMS tool loading problem is a tactical problem that is concerned with objectives 
such asmax.m.s,ng throughput or minimising makespan. given a known set of jobs to be processed. Our assiqn- 
ment problem ,s a longer term planning problem that has the objective of minimising expected production cost 
ien3 mm ' m,S,n9 ,he avera9e eXpeCted 0081 P»d«ced) given estimates of expected fuforo 

„ J!Z Pr °^ em . SO,Ved ** the presenf Mention arose from conventional printed circuit (PC) board assembly 

Z Z \f ^ eC3USe 3 W ' de miX °' boards is produced ' and 010 of production 

does not justify automation. Componept Insertion in this hand load cell can either be performed manually or 

3£Z2ZZ12E£^ technk,ues did not adequate,y so,va the assamb » ~ * «* £p° 

circu A »"^f l'!l e j nV H". HOn - S ^T'^ 8 SyStem and metnod ror °P t ^teingoperation assignments in printed 
circurt board n^nufacturing involving components which can either be Inserted on board manually or by 

A , re,ated object 18 to determine an optimum assignment of components ("operations") to a set of caoa- 
crted machines to minimise the total setup and processing cost for assembiing all boards. mT£25 
of certain remaining components being inserted manually. 

. „ ^"° th f er obje f ^ to focus on an operation assignment problem to determine an assignment of operations 
^ m tZ 30 ^ T* 10 minimiSe total S6tUP and P rocessin 3 Since these costs maybe exp- 
SnTlT.iSr JS" UnH V? utad for ^P a " d P~cessing. a related object is to minimise the average 
time required to produce each PC board. y 

soh^S" H e P^'^^tormulatedasamlxed Integer linearprogram. Itistoolargetobe practically 

roSJ^T t * rtain , c f cumstancaa aa -Mn-By bad. but which on the average produce satisfactory 
results. In the case of multiple machine, the invention provides four different solution methods 

m J!^!"!! *! - P,eSent ! nVenB ° n there fe Pmvided a method of determining the assignment of operations 
to one or more machines having a given capacity for installing multiple parts to items in an assembly line com- 

preparing a list of parts of each different item being assembled; 
determining the production demand for each different item; and 

processLg^L 3 " ***** °" parts ,lst and sald P™**cBon demand to minimise total setup and 

.nJl^^^^^^ PreS6nt lnVenH ° n Wi " now be by way of example only, with refer- 

ence to the accompanying drawings, of which 7 

Fig. 1 is a graphical representation of actual data for an exemplary PC board assembly line- 

Fig 2 is a different graphical representation of the exemplary PC board assembly line of Fig. 1 showing 

parts commonality between boards; mowing 

nSi L^T^ app, / Catio r n f me Gree <* Boa * algorithm to an exemplary combination of components 
and boards; the number of slots available Is 4, the greedy board solution is- 

Boards 1 . 2. 3 on machine; 

Total cost - 33t + 4S2 -H8c 



3 



EP 0 478 361 A1 



and the optima! solution is: 

Boards 4, 5, 6, 7 on machine; 

Total cost - 4s t + 3S2 + 18c 
Fig. 4 shows an application of the Stingy Component algorithm to another exemplary combination of com- 
ponents and boards; it aiustrates the worst case example for the stingy component heuristic; the stingy com- 
ponent solution is: 

Board + 1 on machine; 

all others on manual; 

Cost - v[2s, + + NiS2 + N lc 2] 
the optimal solution is: 

Boards 1 Nt on machine; 

Board Ni + 1 on manual; 

Cost - vfl^s. + NiC, ♦ 2S2 + 2N 1 cJ 
Fig. 5 shows an application of the Greedy Board algorithm to a further combination of components and 
boards; it illustrates the worst case for the greedy board heuristic; 

Greedy Board Solution 



Boards 1, . . . t H^ on machine; all others on manual 
Cost - vCNj^^) ♦ Hj/c^ ♦ ( 2 1 )<V ( *2 * 2c 2 } 

Optimal Solution 



Board* 1 \ on manual; all ©thers on machine 

Coat - vlH l( a 2 ) + V C 2> + ("^Vl * ^ 

* (M<«1><«2 + 3C 2 } + • * [hJ <H 1 )<S 2 + W 



Fig. 6 is a high level flow chart of the invention; 

Fig. 7 Is a flow chart showing the Stingy Component algorithm applied to a single machine assembly; one 
starts with the minimum cost solution (all on machine) and keeps removing components in a stingy fashion; 
Fig. 8 is a flow chart showing the Greedy Board algorithm applied to a single machine assembly; one starts 
with the most expensive solution (all by hand) and greedily moves the board (sets of components) to 
machine; and 

Fig. 9 is a flow chart showing the Stingy Component algorithm applied to a multiple machine assembly. 
4. The method of any preceding claim, wherein said method is used with multiple machines on an assembly 
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line. 

There axe many conventional PC board assembly operations which can be optimized by the present inven- 
tion. For example, one manual insertion process works as follows: the board is set up on a tray, the operator 
tocates the assembly instructions for this particular board in an instruction manual, and then follows the assem- 
bly instruction, obtaining individual components from labeled bins that are located in the assembly area and 
inserting them manually onto the board. Fortius semi-automatic insertion process, the board is set up on a tray 
on a semi-automated component insertion machine, and the operator enters the board identification number 
into the computer that controls the machine. Then the machine Identifies from a set of internal component bins 
tte bin containing the first part that is needed, opens the bin . and moves it on the board where this component 
is to be inserted. The operator removes a component from the open bin, inserts it manually onto the board 
and presses a switch indicating that another component is now needed. The machine then closes and removes 
the bin, pulls up the bin containing the next component that is required, and the process continues similarly 
until all components have been inserted. Note that there are no setup savings associated with producing two 
of the same type of boards sequentially; each board requires setup on any process where it undergoes com- 
ponent insertion. This is an example of a through-hole assembly process. 

Both setup and processing are faster (i.e.. cheaper) on a machine. However, the machines have a limited 
capacity for holding different components, and only a limited number of the machines are available. Further- 
more, it .s costly to change the assignment of components to bins of the machine: such changes involve not 
only physical replacement of components in the bins inside the machine, but also reprogramming the machine's 
computer In addition, costly reductions in board quality and yield may occur when the production process is 
changed (e.g.. when a particular board is now assembled using a different machine). Thus, component assign- 
ment must be performed before any PC boards can be assembled, and cannot be changed during the entire 
assembly process of all boards. It is not possible to change the set of components on the machine until all the 
boards have been completely assembled. In a typical situation, a one-time tooling of machines (i.e.. assignment 
of components to bins) for the next year or half year Is determined based on annual or semi-annual expected 
(high estimates of) demand for different types of boards. At the end of that time period, new demand estimates 
are generated, and the machines may be retooled. 

As is typical in PC board assembly operations, a large number of different PC boards, assembled from an 
even larger number of components, must be produced. For example, in one typical manufacturing process 
almost 500 types of PC boards are produced from some 4000 different parts. Anotherfeature of interest is that 
some components are used much more frequently than othere. Fig. 1 shows an actual cumulative component 
usage as a percentage of total usage for a sample of 30 boards assembled from over 300 components 

Finally, there Is a low but not insignificant level of component commonality between boards Fig 2 shows 
"JE^ «* w - h J* nor,h * numberof different boards that components are used in for a representative sample 
of 58 boards and 180 components. In this instance, approximately 35% of the components are used in more 
than one board, and 5% of the components are used in 5 or more boards. This low commonality of components 
occurs in part because of the long product lives of many of these products which use the PC boards 

The problem we consider is that of determining which components (operations) to assign to each' process 
(this may be any of the machines, or the manual assembly process) in order to minimize total setup and pro- 
cessing cost for assembling all boards. If components for any particular board are not all assigned to the same 
process (,.e the same machine, or the manual assembly process), then the board must undergo more than 
one setup. (We assume, however, that the order of component insertion does not matter, so that at most one 
setup per process will be required for any one board.) In order to avoid multiple setups, it is possible to assign 
the same component to different processes. Thus, the problem is also one of determining the layout of the dif- 
ferent machines - that is. determining the extent to which assembly should be performed on parallel vs. serial 
processes Note that we are solving a long term planning problem using estimates of expected future demand 
for the next 6 to 12 months, so batching and sequencing are not issues of concern. 

In effect the objective is to form an operating policy (i.e., to determine flows of board types amonq 
machines) that provides a basis for tactical execution. Weekly planning may involve subcontracting out woik 
In periods of high demand, and operator training classes in periods of low demand. In any case, one capacity 
and people haye been positioned (we assumed that this has already taken place), they represent a largely fixed 
cost, so a design is needed that allows for efficient tactical execution. 

The objective of minimizing average expected cost per board produced reflects actual manufacturing plan- 
ning and is appropriate tbra long term planning problem of the type we are considering. Because we are solving 
a long term planning problem (using extimated future demand), it is sensible to consider minimizing the average 
cost per board produced, rather then measures such as makespan minimization and throughput maximization 
that may be applicable to a problem with a shorter horizon and known demand requirements. Note that costs 
may be expressed In terms of the time units required for each operation: in this case, because there may be 
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parallel machines operating simultaneously, the objective is not equivalent to minimizing makespan but, rather, 
is equivalent to minimizing the average time required to process a board. (We assume that all boards can be 
processed in the available time; otherwise the problem does not have a feasible solution.) 

In our model, operation assignments are determined using fixed estimates of future demand. A natural 
extension is to consider incertainties in these demand estimates. In this case one would like to create assign- 
ment plans that are robust with respect to possible future changes in demand. Such assignment plans would 
yield low cost under a range of assumptions about levels of future demand for different products. 

In the following section we formally define the problem as a mixed integer program. We discuss approaches 
for finding an exact solution. In many practical applications, however, a realistic problem may be too large to 
solve exactly. Furthermore, in a preferred embodiment, process engineers wanted a solution methodology that 
could be implemented on a desktop computer rather than a mainframe computer. Thus we develop solution 
heuristics for the problem. Initially we specialize our analysis to the case of one machine. We present two dif- 
ferent solution heuristics. We characterize conditions under which the algorithms generate an optimal solution, 
present worst case examples, and present computational results for a randomly generated set of problems. 
We show that while each algorithm can be arbitrarily bad, for typical problems the algorithms perform well. 
Thereafter, we consider the more general case of multiple machines. We develop four different solution heuri- 
stics, and present computational experience. Finally, we will discuss implementation of our results on an actual 
assembly line. 

Problem Formulation 

We let i be an index for processes (1,2,3... .,1-1 = machine; I = manual), j be an index for components (j = 
1.....J), and k be an index for boards (k = 1.....K). Our goal is to determine optimal values for 

Xgn = assignment of component j of board k to process i, 

where x 9k = 1 if the assignment is made; 0 otherwise 
We also define the following dummy variables; 

Vfc = 1 if board k set up for any insertions on process I; 0 otherwise 

Zfl = 1 if component j is assigned to process i; 0 otherwise 
Production requirements are: 

d k = total demand for board k over the (fixed) time period 

rjk = 1 if component j is used in board k; 0 otherwise 

njK = number of component j used in one of board type k 
Using these, we define: 

Vjk = dKrpcTijx = total volume of component j used for boards of type k over the time period 
Setup and processing costs, by machine, are the same over all boards and components: 

s f = setup cost for one setup of one board on process i 

C| = processing cost for one insertion by process I 
Finally, machine limitations are given by. 

N| = total number of types of components that can be assigned to process I 
Given these definitions, the problem can be expressed as: 
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"» EEJc-vjkXijk + EZsidkyik (1) 
M. Ex«k=ijk Vjjc (2) 







(3) 










i = W-l 


(5) 




Vijc 
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Vijjc 
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vu 


(8) 



The objective (1) is to minimize total processing plus setup cost Constraint (2) ensures that ail necessary com- 
ponents will be assigned to a process; if any component for board k is assigned to a process, (3) sets the indi- 
cator viable y ft to 1 so that a setup will be charged. Constraints (4) and (5) express the upper limit on the 
number of different types of components that can be assigned to any process. The manual process is assumed 
to have N, = J, and so is not included in (5). We note that, given (6). an integrality constraint on the *jm is not 
necessary; the above mixed ILP will always yield x* = 0 or 1 for all ij.k. Similarly, we do not need to specify 
an integrality constraint for the 2,'s (which are dummy variables): If all bins of process i are used in the cost- 
minimizing solution, then the z,'s will all be binary Integer-valued for that process. If all bins are not used the 
optima^ solution is degenerate and the z,'s may not be binary interger-valued; however, this will not affect the 
optimal solution (specified by the y.,-s and x^'s). The problem is thus one of I K binary integer variables and 
l-J-(K+1) linear variables. 

We note that the above formulation allows for the assignment of a single component type to more than 
one process. (The only constraint on assignment of components to processes (the z»*s) is that the number of 
drfferentcomponent types assigned to any one process cannot exceed the capacity of the process). When setup 
times are high relative to processing costs (so that it is costly to produce a board using more than one process) 
and all boards that use a particular high volume component cannot be folly assembled on any one machine 
because their combined requirement for component types is larger than the number of component slots avail- 
able, then it may be optimal to assign the component to more than one process. 

One solution approach for this problem is to use branch and bound, branching on component assignments 
» S . 6 ! ^ " «• } ' boundin 9 «* solv ' m 9 a ^axed linear program (dropping the integrality constraint on 
the yik s). An efficient way to carry out the branching process may be to branch first on the mostfrequently used 
components (that is, those with the highest value of 



since those components wiD have the greatest effect on total cost We do not need to explicitly specify whether 
or not a component is assigned to the manual process: since the manual process is assumed to be uncapacl- 
toted. components will automatically be assigned to that process by the linear program if necessary or desirable 
A good initial upper bound can be obtained using the heuristics presented In Sections 3 and 4 

The difficulty with solving the integer program exactly for a realistic problem is the large problem size For 
example^ medium sized 2-process assignment problem (with one machine, plus the manual process) mtaht 
involve 200 boards and 6000 components-leading to 12.000 binary integer variables and over 2 millions linear 
variables. Even with no integer restrictions, such a problem is too large to solve using current LP codes Fur- 
mermore, in our experimental applications process engineers wanted a solution methodology that could be 
implemented on a desktop computer rather than a mainframe computer. Thus, we now develop heuristic ways 
of solving the problem. We first consider the case of one machine, and then the case of multiple machines 
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A Single Machine Problem 

In this section, we specialize our discussion to the case of one machine. We let i = 1 represent the machine 
and I = 2 the manual process. The problem then reduces to one of determining which components to assign 
5 to the machine (zq): Once the machine bins have been filled, all unassigned components are assigned to the 
manual process. In addition, some components assigned to the machine may also be assigned to the manual 
process. Given the component assignments, the cost minimizing solution for each board (the V s and conre " 
s ponding y^s) can be determined individually. 

Although a realistically sized problem is too large to be practically solved by an exact solution method, cer- 
10 tain special characteristics of the problem enable us to construct excellent near-optimal solution approaches. 
First some components are used much more frequently than other and some boards are assembled much more 
frequently than others (data In Figure 1 verify that both component and board usages follow the welWaiown 
"80/20" rule). Since both setup and insertion are cheaper on a machine than on the manual process, we would 
expect that the optimal solution would assign many (or all) of the frequently used components and/or boards 
15 to a machine. We also observe that excluding certain frequently used components, boards do not tend to have 
much component commonality. This motivates us to construct two different solution heuristics based on a 
"greedy - approach, one of which assigns individual components, and one which assigns entire boards. 

Our first solution approach, which we refer to as the "Stingy Component" algorithm, starts by assigning all 
components to the machine (thus exceeding the machine's capacity constraint) and then sequentially removing 
20 components which cause the smallest cost increase, unta the machine's capacity constraint is met. All com- 
ponents not assigned to the machine are assigned to the manual process. In addition, some components may 
be assigned to both processses if a lower cost can be achieved. 

The idea behind this approach is that many of the less frequently used components will never be assigned 
to the machine in a cost-minimizing solution and, similarly, one would expect the most frequently used com- 
25 ponents to always be assigned to the machine. Since the "stingy" approach focuses on assigning individual 
components rather than entire boards, we would expect the algorithm to perform well when setup costs are 
low. In fact, when setup costs are zero, the stingy algorithm always generates the optimal problem solution, 
since in that case each component can be considered individually. 

We let I - 1 represent the machine and i = 2 the manual process. Then we have: 
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"Stingy Component" Algorithm 

1 . Initialization: Let S = {1 J}. Let 5 k = 1 for all k, and 



K 

J= E [vjkci + si]. 



40 If ISI^N,, STOP. 

2. "Stingy" Component Removal: 
Calculate 



K 

: E (vjkte- ci) + rjj&sj 



for all J e S. Find 




Let S = S - /,J = J+A h and for k s.t = 1 . set 8* = 0. 

3. Post-Processing: If ISI > N 1v return to Step 2. Otherwise, 

(i) For all j t S: set x^ - r,* x 1Jk = 0, for all k. 

(ii) For all ks.t ^ = 1: set y 1k = 1. y^ * 0, and x^ = 0, x 1Jk =* rpcfor all j. 

(iii) For all k s.L 5^ = 0: set y a = 1. and 
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then set y 1k = 0. x 1Jk = 0 V j, = r,* V j, and 

J=J + ^ s vjk(C2-ci)]-si; 

otherwise, set y 1k = 1, and x ifk = r*. x^ = 0 V j € S. 

Stop. 

Step 1 assigns ail components to the machine. In Step 2. the incremental cost of removing each component 
from the machine (Aj) is calculated; this consists of the incremental variable processing cost per unit (c-c«. 
times the total affected volume ~ v ^ v 



plus the incremental manual setup cost for any boards using that component which have not vet incurred a 
manual setup cost (i.e., those boards for which 8* = 1 at this step.) The component which adds the minimum 
incremental cost Is removed, and the objective function, setup indicators (8,,). and costs are updated The 
removal process continues unbl the bin capacity of the machine is exactly met Step 3 is a post-processinq 
step that sets the decision variables. All boards which Incur no manual setup (8* = 1) are processed completely 
by the machine. For those boards that do incur a manual setup (8, = 0). a decision is made about whether or 
not to process the board entirely on the manual process; if it is cheaper to do so, the decision variables are 
adjusted and the objective function is updated. 

We observe that each time Step 2 is reached, at most J sums are calculated, and one sort is performed 
leadmg to a max.mum of jqog(J) calculations each time. Step 2 is reaches J-N, times, so an upper limit on the 
computational complexity for the Stingy Component algorithm is J3|og(J) steps. 

, ° ur . S * cond solution approach, which we refer to as the "Greedy Board" algorithm, starts by assigning all 
boards to the manual process, and then assigns entire boards to the machine, one by one. to maximize incre- 
mental boards produced per incremental component bin used. In contrast to the Stingy Component algorithm 
the Greedy Board algorithm focuses on entire boards. The ideas motivating this approach are that (a) because 
of the expected low level of component commonality, it may be better to assign boards entirely to the machines 
or the manual process, rather than splitting them; and <b> consideration of existing component commonalily 
may yield cost saving combinations of boards assigned to the machine. 
The algorithm can be formally stated as follows: 

'Greedy Board* Algorithm 

1. Initialization: tet S = T = {1.....K}. and 



K 

[vjkC2 + sjl. 

fc=l 



2. "Greedy" Board Loading: Calculate 



forallkeT 
where 



j€5 



T=(ke T: ^ ijkSNi-IS!). 
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Find 



m = arg nun ["nJ. 



LetT = T- m.S = S + Q:r^ = 1), J = J + tv^fa-cj * Si - sj. 
3. Post-Processing: If T * return to Step 2. Otherwise, 

(i) For all j £ S: set x^ k = ty, = 0, for all k. 

(ii) For all k £ T: set y u = 1, = 0, and Xg* = 0 t x 1Jk = r* for all J. 

(iii) For all k € T: set y^ = 1, and 

if 



then set y 1k = 1, x v = rj* V j, x^ = 0 V j, and 

otherwise, set y ik = 0, and x t pt - Q, x^ = V j e S. 

Stop. 

Step 1 assigns all boards to the manual process. In Step 2, the incremental number of new component 
slots per board produced (yn) is calculated for each board whose incremental assignment to the machine wQI 
not violate the slot capacity constraint (represented by k <= T), and the board with the minimum value is assigned 
to the machine. (This is equivalent to "greedily" maximizing incremental boards produced per additional slot 
used.) The process continues until no more (entire) boards can be assigned to the machine. Step 3, the post- 
processing step, is similar to that for the Stingy Component heuristic (in this case, for boards which incur a man- 
ual setup (i.e., k e T), a decision is made as to whether or not to process some of the components on the 
machine). 

For the Greedy Board algorithm, each time Step 2 is reached, at most K sums and one sort over K are 
performed, leading to K2|og(K) computations. Step 2 is reached at most K times, so an upper limit on the com- 
putation required is K 3 log(K) steps. Since K s J, and in a typical problem K « J, the Greedy Board algorithm 
will typically require less computation than the Stingy Component algorithm. 

We observe that when there Is no component commonality across boards, and the Greedy Board algorithm 
can exactly fill the component slots on the machine, then the algorithm will always yield the optimal solution. 
In this case, the algorithm is akin to the High Ratio First algorithm for the 0-1 knapsack problem - a greedy 
heuristic which sequentially adds items to the knapsack based on their value-to-weight ratio; that heuristic pro- 
vides an optimal solution when the knapsack can be exactly filled. We might also expect the Greedy Board 
algorithm to perform well when processing costs on the two processes are similar, because in that case no 
cost savings can be achieved by splitting boards. However, even if the manual and machine processing costs 
are identical, and the Greedy Board algorithm uses all machine slots, the algorithm may not yield the optimal 
solution, since the algorithm takes Into account component commonality only myopically. The optimal solution 
under these conditions is one which maximizes the volume of boards assigned to the machine. The Greedy 
Board algorithm will not necessarily yield that solution. An example is shown in Figure 3. 

We now investigate the performance of the two solution algorithms. We show that while the worst case 
performance of each heuristic can be arbitrarily bad, on average each performed quite well over a large sample 
of randomly generated problems. 

Because our problem Is one of minimization, we use the worst case performance ratio R = [J H - J*Wmsx - 
J*]; here, J H represents the cost of the heuristic solution, J* the optimal solution, and J,^ an upper bound on 
the maximum objective function value. The closer the ratio is to 1 , the worse the performance of the heuristic. 
For an upper bound we use 

Jmax = E tdkS2 + ? VjvcJ; 



this corresponds to assembling ail boards on the manual process. 
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Proposition 1 

The Stingy Component heuristic can generate an arbitrarily poor solution. 



Proof 



Consider the example shown in Figure 4. For the Stingy Component heuristic, J H = vf2Si + 2N.c« + Ns, 
+ N lC2 J while J* = vtN lSl + N 1C , + 2S2 + 2N lC2 ]. The upper bound fs = v[(N, + 2)s 2 + (3N t )cJ. Thus. 

r _ (N|-2)(si-si)-N,Cc?-ci) _ -2(s 2 -Si)-2Ni(c2-ci) 
Ni(S2-$i) + Ni(c 2 -ci) ~ Ni($2-si) + Ni(c 2 -C|) 

, , (-2/Ni)te-«,).-2ta-c.). 
» (s2-si) + (c 2 -ci) • 

As becomes sufficiently large, this expression approaches 

20 and for values of (C2 - c t ) sufficiently close to zero. R -> 1. 

We can similarly show by example that the Greedy Board heuristic can produce arbitrarily poor solutions. 

Proposition 2 

25 The Greedy Board heuristic can generate an arbitrarily poor solution, even when it uses all slots on the 

machine. 

Proof 



Consider the example shown in Figure 5. There are 2N, components. The first N, boards each use one 
component, 1 N,.The remaining boards each use one of the first N, components, plus two or more of com- 
ponents Ni*1.-2N,. aii such possible combinations are included; so. for example, the number of different 
boards using two of the components N.+1.....2N, (plus one of components 1 N,) Is 

The Greedy Board heuristic uses ail slots on the machine (as does the optimal solution). For this example. 
R =1 + : (-Ni)fti -sil + f-Nittw-cil 

= 1 (S2-S1) *(C2-Cl) 

[Eooto-^^ci 1 )®^-.!)}' 

Clearly, as N, gets large. R -+ 1. 

In order to assess average performance, the two algorithms were tested on a set of problem instances that 
were randomly generated from observed distributions of board volume and component frequency and com- 
monality in the assembly process. The setup and processing costs used reflect relative actual costs and am 
proportional to the time required for each operation. For each problem, the true optimal solution was determined 
by exhaustive search. Computational results are shown in Table 1. For problems of size 10x15 (10 boards 

11 



EP 0 478 361 A1 



and 15 



10 



15 



20 



30 



so 



The Case of a Single Machine: Computational Results for Randomly Generated Problems 



















Com- 


Com- 


*of 




#of 




Stingy 


Stingy 


Greedy 


Greedy 


pound 


pound 


Problems 


#of 


Com- 


tfof 


Avg. 


Max. 


Avg. 


Max. 


Avg. 


Max. 




Boards 


ponents 


Slots 


En^u"*" 




Emii 


Error, 


Error 


Error 


too 


10 


15 


9 


3.14% 


21.53% 


4J23% 


31.13* 


1.74% 


2133% 


30 


10 


20 


12 


4X3% 


15.22% 


4.19% 


17.22% 


3J03% 


10.27% 



* Percent deviation from the optimal solution 



components), the Stingy heuristic was slightly better than the Greedy heuristic, with an average error of about 
40 3.1%, as compared to 4.2% for the Greedy heuristic. For problems of size 10 x 20, the Greedy heuristic per- 
formed better, with an average error of 4.2% versus 4.8% for the Stingy heuristic. Interestingly, while the aver- 
age error increased slightly for the large sized problems, the maximum error for each heuristic decreased 
significantly. 

Since the two heuristics focus on different aspects of the problem (the Stingy heuristic focuses on individual 
45 component volume, while the Greedy heuristic focuses on component commonality between boards), a com- 
pound heuristic using the minimum of the two solutions was created; 

the average performance of the compound heuristic was significantly better than either algorithm alone. 



The Multiple Machine Problem 



We now consider the original multiple machine problem. We assume that the machines are identical, so 
that S| = s M , c, = Cm, N, =» N R i. I = M; this is the case in our applications 

Our solutions approach for the multiple machine case is to apply our single machine heuristics to each 
machine sequentially; then, as before, once we have made an Initial assignment of components to machines, 
55 we carry out a post-processing step to determine if some boards can be made more cheaply by reassigning 
them. For each of the single machine heuristics (Stingy Component and Greedy Board), we develop two dif- 
ferent multiple machine heuristics. These heuristics differ in the extent to which we allow part assignment to 
more than one machine: In the first case, if component j Is assigned to machine I, then when we assign com- 
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ponents to machine i+1 we no longer consider component j; while in the second case, we do consider potential 
assignment of component J to machine 1+1. Our two adaptations of the Stingy algorithm for the case of multiple 
machines are as follows: 

5 Multiple Machine Stingy Component Algorithm: Version 1 

1. Initialization: Let i = 1. Let SK = {1 K).SJ = {1 J). 

2. "Stingy- Component Assignment Apply the Stingy Component Algorithm to machine i ? considering 
the board set SK and component set SJ. 

10 2. Updating: Remove from SK those boards that are completely processed on machine I, and remove from 

set SJ those components assigned to machine i. Let i = r+1. rf i<l f return to Step 2. 

3. Post-Processing: Given the assignment of components to machines: for each board not completely pro- 
cessed on a single machine, determine the least cost way to produce the board (i.e., on a combination of 
machines vs. machine and manual vs. manual only). 

15 Stop. 

The second version of our Multiple Machine Stingy Component algorithm differs only in that, after applying 
the Single Machine Stingy Component algorithm, we remove from consideration only those components 
associated only with boards that can be completely processed on machine i: 

20 Multiple Machine Stingy Component Algorithm: Version 2 

1. Initialization: Let i = 1. Let SK = {1 K}, SJ = {1.....J}. 

2. "Stingy- Component Assignment: Apply the Stingy Component Algorithm to machine i, considering 
the board set SK and component set SJ. 

25 2. Updating: Remove from SK those boards that are completely processed on machine I, and remove from 

set SJ those components that are associated only with boards that can be completely processed on 
machine L Let I = K1 . If W, return to Step 2. 

3. Post-Processing: Given the assignment of components to machines: for each board not completely pro- 
cessed on a single machine, determine the least cost way to produce the board (i.e., on a combination of 

30 machines vs. machine and manual vs. manual only). 

Stop. 

Analogously, we develop two versions of a Multiple Machine Greedy Board algorithm: 

Multiple Machine Greedy Board Algorithm: Version 1 

35 : 

1. Initialization: Let i = 1. Let SK = {1.....K}, SJ = {1 J). 

2. "Greedy- Board Assignment Apply the Greedy Board Algorithm to machine I, considering the board 
set SK and component set SJ. 

2. Updating: Remove from SK those boards that are completely processed on machine I, and remove from 
40 set SJ those components assigned to machine i. Let i = 1+1. If j<|, return to Step 2. 

3. Post-Processing: Given the assignment of components to machines: for each board not completely pro- 
cessed on a single machine, determine the least cost way to produce the board (i.e., on a combination of 
machines vs. machine and manual vs. manual only). 

Stop. 

45 The second version is: 

Multiple Machine Greedy Board Algorithm: Version 2 

1. Initialization: Let i = 1. Let SK = {1 K>, SJ = {1 J}. 

2. "Greedy- Board Assignment: Apply the Greedy Board Algorithm to machine I, considering the board 
set SK and component set SJ. 

2. Updating: Remove from SK those boards that are completely processed on machine I. and remove from 
set SJ those components that are associated only with boards that can be completely processed on 
machine L Let I = M . If |<|, return to Step 2. 

3. Post-Processing: Given the assignmentof components to machines: for each board not completely pro- 
cessed on a single machine, determine the least cost way to produce the board (I.e., on a combination of 
machines vs. machine and manual vs. manual only). 
Stop. 
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These algorithms were tested on a set of 30 two-machine problem instances that were randomly generated 
from observed distributions of board volume and component frequency and commonality in the assembly pro- 
cess. The setup and processing costs used reflect relative actual costs and are proportional to the time required 
for each operation. The problem instances each involved 20 boards and 100 components, with 35 component 
5 slots available on each of the two machines. Because of the large problem size (100 components), it was not 
possible to determine the true optimal solution for each problem, so instead we used as a lower bound the cost 
of producing each board on a single machine: 

10 Info = £ fdVsi + E vpcil. 

Results are shown in Table 2. For ail 30 problems, the Greedy Board algorithms were superior to the Stingy 
Component algorithms, with Version 2 of the Greedy algorithm yielding the best solutions. The average devi- 

15 ation from J a tn for the Stingy Component solutions was 7-10%, while the average deviation from J,,*, for the 
Greedy Board algorithm was 3-5%. These percentage differences are encouragingly small, considering the fact 
that the measured deviation is based on comparison to an infeasible lower bound. 

We note that each of our multiple machine heuristics applies the individual stingy or greedy heuristic to 
each machine; thus, the computational complexity of the Multiple Machine Stingy Component algorithms is 

20 I J^ogCJ), while the computational complexity of the Multiple Machine Greedy Board algorithms is l-KHog(K). 
These differences are reflected in the running time of the algorithms. For the two-machine examples of Table 
2, running time using a PASCAL program on a Macintosh llc/x was an average of 27 seconds for the Stingy 
Component algorithms, and an average of 3 seconds for the Greedy Board algorithms. 

Thus far we have made no mention of workload balancing. It is possible that the above solution algorithms 

25 may generate solutions in which some machines are assigned a much larger volume of production than other 
machines. We deal with issue of workload balancing in the following manner When we execute the solution 
algorithm, we set the number of available slots on each machine to a number slightly smaller than the actual 
number of slots available. (In our example applications, we used a number that was approximately 97% of the 
actual slot capacity.) Then, on an ad hoc basis, we consider potential reassignment of boards among the pro- 

30 cesses. We fill the unused slots with certain frequently used components to enable us to make the reassign- 
ment This procedure was quite effective In our following experimental applications. 
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The Case of a Two Machines: Computational Results for Randomly Generated Problems 



#of 
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prior* Error Error Error Error Error EnDC Error 

9.87* 22.4K* 7.81% 2032% 4j65% 10.91% 3.81% 12Jl% 
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Implementation 



Our algorithms were applied to two different PC board manufacturing problems. 
40 In both applications, the Greedy Board approach was used. One reason this approach was favored over 

the Stingy Component approach was that setup costs were high relative to insertion costs, and the Greedy 
Board approaches tend to yield fewer setups for each board, in addition, the Greedy Board approach was pre- 
ferred by process engineers because boards assembled completely using one process tend to have higher 
quality and lower rework requirement than do boards produced using more than one process. 

The first application involved component assignment in a division that manufactures test and measurement 
equipment The division had been manually assembling a mix of almost 500 boards from several thousand com- 
ponents. The division had purchased six new semi-automatic component insertion machines, each of which 
had slots for 640 components, and wanted to shift some of the production to the machines. This problem was 
solved using Version 2 of the Multiple Machine Greedy Board Algorithm. The results of the algorithm was a 
partition of the boards into families that could be processed together on the same machine. After applying the 
algorithm to determine board famflies, one for each of the six machines, and the remainder for the manual pro- 
cess, a subsequent step was taken to reassign some of the boards among the machines in order to balance 
the workloads of the different machines. This reassignment, performed using the procedure described was car- 
ried out because each of the 6 machines was manned by a different operator. The manufacturing process was 
55 then set up to reflect these board families. 

The second application involved the manufacture of PC boards for computers In another division. In this 
operation, a wide mix of boards is assembled on a surface mount technology (SMT) line that consists of a set 
of ptek-and-place component insertion machines. In producing two sequential boards, any components needed 
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for the second board that are not on the machines when the first board is completed, must be set up on the 
machines before the second board can be produced. However, no additional setups are required when two 
boards of the same type are produced sequentially. The problem was to determine a production plan for the 
boards that would minimize production cost Two different solution approaches were considered. The first 
approach was to apply real-time sequencing of boards in order to minimize the setup time between boards; 
this approach minimizes the number of new components that must be set up on a machine before the next board 
can be produced. The second approach was to apply Version 2 of the Multiple Machine Greedy Board Algorithm 
to group the boards into families that could be produced with no setup between boards; in this case, the number 
of machine slots considered by the algorithm equals the total number of machine slots in the SMT line. Step 2 
of the algorithm was repeated unta all boards were grouped into families. The idea with the Greedy Board sol- 
ution is to set up once for a single board family, produce all boards in that family, and then set up for the next 
board family , etc. Once the boards were grouped into families, workloads associated with differen t board groups 
were balanced using the procedure outlined. Board were switched between groups until the production volumes 
of different groups were balanced appropriately. 

Both the setup minimizing and Greedy Board solutions were evaluated using a computer simulation. While 
the setup minimization approach yielded a solution with 2% more throughput than the Greedy Board approach, 
the setup minimizing solution incurred long cycle times for boards, since the real-time setup minimization 
algorithm can indefinitely postpone assembly of some boards if they incur too much setup time. The Greedy 
Board solution had the advantage of shorter cycle times. In addition, the manufacturing process is much simpler 
to manage when boards are grouped into families, since only one setup must be performed for each family of 
boards. For these reasons, the Greedy Board solution was chosen and implemented. 

In view of all the foregoing, it will be understood by those skilled in the art that the invention provides two 
different heuristic solution approaches, one of which focuses on assigning components whBe the other focuses 
on assigning boards. Both algorithms yield good solutions for problems similar to those described above, but 
given cost data for certain actual assembly processes, the Greedy Board algorithms provided slightly better 
solutions in the experimental applications. This reflects the fact that the Stingy Component algorighms will tend 
to provide better solutions when the setup costs are low. The Greedy Board algorithms appear to provide better 
solutions when setup costs are high. The Greedy Board approach was found to have the additional advantage 
of providing a solution in which most boards are assigned to only one process: this leads to higher quality and 
lower rework requirements than an assignment that splits boards across processes. 

We have discussed experimental implementation of our results for two different production processes. The 
first application — component assignment for PC board assembly in a test and measurement - was the original 
problem that gave rise to our model and solution approaches. The second application - creating board families 
for PC board production in a computer manufacturing operation - shows the link between our solution 
approaches and group technology concepts. Our approach is believed to have an advantage over traditional 
group technology approaches since we consider not only commonality of components between different pro- 
ducts, but also product and component volume. 

As formulated, our model considers the setup cost associated with different assembly processes, but does 
not consider the transportation time or cost required to move a board between different processes. In our par- 
ticular applications, transportation cost was not significant because machine capacities were quite large relative 
to component requirements of individual boards; thus, ft rarely happened that a board was split among more 
than two processes when the problem was solved. In some applications, however, consideration of transpor- 
tation cost between processes may be important. A simple way to extend the model (and our solution heuristics) 
to incorporate transportation times is to assume a fixed transportation cost (t) between any two processes and 
add a transportation cost equal to (-1 +2 l y*)t to the objective function (1). Then in the Stingy Component 
algorithm, when we add incremental setup cost (Step 2), we also add transportation cost We do not need to 
add transportation cost when making initial assignments using the Greedy Board algorithm (Steps 1 and 2) 
since no boards are split between processes. Then, during the post-processing step (Step 3) transportation 
cost can be added in both algorithms. 

Our Greedy Board and Stingy Component algorithms are designed to take advantage of the date structure 
typically found in PC board assembly processes: our algorithms exploit certain characteristics of PC board 
demand and component requirements, such as component commonality and wide variations in component 
usage and board demands. We showed that, for typical PC board and component demand data, the algorithms 
yields solutions that are very close to optimal. 
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Claims 



4. 



6. 



7. 



A method of determining the assignment of operations to one or more machines having a given capacity 
for installing multiple parts to Items in an assembly line comprising: 

preparing a list of parts of each different item being assembled; 

determining the production demand for each different item; and* 

applying an algorithm based on said parts list and said 

production demand to minimize total setup and processing cost 

The method of claim 1 wherein said applying step Includes starting with a minimum cost solution for a 
machine having unlimited parts installation capacity and then selectively removing parts so as to minimize 
processing cost until the number of parts is within the actual machine capacity. 

The method of claim 1 wherein said applying step includes starting with a maximum cost solution of all 
items having parts installed without using the machine, and then selectively moving installation to the 
machine based on part to volume ratio. 

TTie method of any preceding claim, wherein said method is used with multiple machines on an assembly 



5. The method of any preceding claim, wherein said method Is used on an assembly line for installing com- 
ponents on a printed circuit board. 9 



The method of claims wherein said applying step includes developing an assembly model based on apply- 
ing a stingy component algorithm, and also developing another assembly model based on applying a 
greedy board algorithm, and then implementing the lower cost solution of the two on the assembly line. 

A manufacturing plant set up to operate in accordance with a method according to any preceding daim. 
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